␣-Amylase-binding streptococci (ABS) are a heterogeneous group of commensal oral bacterial species that comprise a significant proportion of dental plaque microfloras. Salivary ␣-amylase, one of the most abundant proteins in human saliva, binds to the surface of these bacteria via specific surface-exposed ␣-amylase-binding proteins. The functional significance of ␣-amylasebinding proteins in oral colonization by streptococci is important for understanding how salivary components influence oral biofilm formation by these important dental plaque species. This review summarizes the results of an extensive series of studies that have sought to define the molecular basis for ␣-amylase binding to the surface of the bacterium as well as the biological significance of this phenomenon in dental plaque biofilm formation.
I
t is well established that tooth-borne bacterial biofilm (also known as dental plaque) is the cause of the two most common oral diseases, dental caries and periodontal disease (1) . Essential to oral biofilm development is the initial colonization of the oral cavity by the commensal (also known as "normal") microflora. Humans and their commensal partners have evolved together through history. While most commensal organisms benefit human health, some can also serve as pathogens. For example, following the ingestion of dietary carbohydrate, a shift to an acidogenic, aciduric flora that fosters dental caries results. Further, the administration of broad-spectrum antibiotics that select for antibiotic-resistant bacteria can result in imbalances in the commensal flora that foster opportunistic infections. In many cases, while potential disease-causing bacteria are present, the commensal bacteria, which are typically more abundant, prevent potential pathogens from increasing in numbers that can tip the ecological balance toward a pathogenic state. It is thus imperative to learn details of the biology of commensal bacteria like the oral streptococci to understand the microbial ecologic factors that support a healthy flora and thereby prevent the transition to a pathogenic flora (2) .
Oral streptococci are pioneer colonizers of the oral cavity and are abundant in dental plaque (3) (4) (5) . They are among the first species to colonize the newly erupted tooth and to attach to a salivary pellicle that forms on recently cleaned teeth (6) . These bacteria likely facilitate the colonization of the dental biofilm by other species (3) . There are many oral streptococcal commensal species, including the viridans group streptococci (Streptococcus mitis, salivarius, and anginosus groups), which are generally benign, and the cariogenic mutans group streptococci (7) (8) (9) . Many studies have provided considerable evidence that prevalent viridans group streptococci, primarily the mitis and salivarius groups (Table 1) , are associated with oral health, while the mutans group streptococci are associated with dental caries (8, 10) .
Dental plaque formation is a complex process that involves the participation of many salivary components (11) . Such interactions mediate adhesion of microbes to surfaces, aggregation of microbes to hinder adhesion, and antimicrobial effects. One such interaction is that between oral streptococci and the abundant salivary protein ␣-amylase (12, 13) . ␣-Amylase binds to Streptococcus gordonii, Streptococcus mitis, Streptococcus cristatus, Streptococcus parasanguinis, Streptococcus salivarius, and several other species (12) (13) (14) (15) , collectively referred to as the ␣-amylase-binding streptococci (ABS) ( Table 1) . ABS have been found to colonize only animals that are able to secrete ␣-amylase in their saliva (16) . Thus, it is likely that the ␣-amylase-streptococcus interaction evolved with the host to play an important role in the ability of these bacteria to colonize the oral cavity. A series of studies has characterized ␣-amylase binding to human ABS, such as S. gordonii, S. parasanguinis, and S. mitis. This review will summarize the existing knowledge of the ␣-amylase-streptococcus interaction and suggest additional questions to guide directions for future research in this area. It will discuss the characteristics of the interaction of ␣-amylase with S. gordonii and other streptococcal species, the potential benefits of this interaction for the bacteria, and the effects of ␣-amylase binding on bacterial gene expression, colonization, biofilm formation, and host adaptation.
SALIVARY ␣-AMYLASE
␣-Amylase is an abundant enzyme produced primarily by serous cells of the parotid gland but also by sublingual, submaxillary, and minor glands. The concentration of ␣-amylase in human saliva ranges from 0.04 to 0.4 mg/ml and can comprise up to 5% of the total salivary protein (17) . The ␣-amylase concentration in saliva typically increases during food consumption and with increased stress levels (18) . Salivary ␣-amylase is an enzyme of the ␣-1,4-glucan-4-glucanohydrolase family, catalyzing the hydrolysis of ␣-1,4-glucosidic bonds of starch, glycogen, and other polysaccharides (19) . The initial enzymatic digestion of dietary starch begins in the oral cavity with the release of maltose and maltodextrin, providing an abundant source of carbohydrate for oral bacterial nutrition. Besides its hydrolytic activity, ␣-amylase adsorbs to tooth enamel (20, 21) and selectively binds to prominent pioneer bacterial colonizers of the oral cavity (16) . Thus, considering the abundance of ␣-amylase in saliva and dental pellicle (22, 23) , it has been postulated that this ␣-amylase-bacterium interaction contributes to the establishment of tooth biofilm.
The three-dimensional structure of salivary ␣-amylase has been determined (24) . ␣-Amylase consists of 496 amino acids and is present in saliva as both glycosylated (62-kDa) and nonglycosylated (56-kDa) forms. While ␣-amylase in general is involved in the hydrolysis of long-chain maltooligosaccharides to maltose as the end product, glycosylated salivary ␣-amylase has been reported to have a higher capacity for converting maltotriose into maltose and glucose (25) . However, both glycosylated and nonglycosylated forms of the enzyme bind to ABS (13) . Salivary ␣-amylase is present both as a monomeric protein (26) and as a dimer (27) , with calcium and chloride ions essential for its enzymatic function. Binding of ␣-amylase to bacteria is calcium independent, suggesting a mechanism distinct from enzymatic hydrolysis.
The active site of ␣-amylase mediates saccharide binding and hydrolysis of starch, with multiple secondary oligosaccharidebinding sites thought to enhance ␣-amylase affinity to starch granules (26) . These secondary oligosaccharide-binding sites have also been shown to play a role in bacterial binding (26) . Mutation of aromatic residues in the secondary oligosaccharide-binding sites decreased the affinity of ␣-amylase binding to S. gordonii (26) . Because ␣-amylase bound to bacteria retains enzymatic activity (26, 28) , the bacterium-binding site must be distinct from that involved in enzymatic activity. Mutations in aromatic residues of secondary oligosaccharide-binding sites did not reduce the binding of ␣-amylase to hydroxylapatite, suggesting other yetto-be-identified sites mediating this interaction (26) .
Some studies suggest that ␣-amylase dimerizes in saliva and interacts with the glycosylated form of salivary carbonic anhydrase (27) . Though colocalization of both enzymes has been reported in human enamel pellicle, the biological significance of this interaction has not been determined (29) . Notably, salivary ␣-amylase bound to the bacterial surface retains ϳ60% of its hydrolytic activity, suggesting that the bound enzyme may be dimerized (28) .
Salivary ␣-amylase thus participates in at least three important functions in the oral cavity affecting biofilm: (i) hydrolysis of dietary starch, (ii) binding to the tooth surface, and (iii) binding to oral streptococci. An understanding of the role of this enzyme in oral bacterium-host interactions is required for an understanding of oral biofilm formation.
␣-AMYLASE-BINDING PROTEINS (ABPs)
ABS express several proteins that specifically bind ␣-amylase. In most ABS species, multiple ABPs are found as both low-molecular-weight and high-molecular-weight proteins, ranging from 20 to 87 kDa. However, there is heterogeneity in the size of these components between species (30). In some species, such as Streptococcus vestibularis and S. salivarius, only one lower-molecularweight ABP is observed. In contrast, S. parasanguinis strain 2156 displays four ABP (30, 31) . The sizes of the lower-molecularweight ABPs between streptococcal species range from 20 kDa to 36 kDa, while the high-molecular-weight ABPs range from 82 kDa to 87 kDa. In a preliminary study, we determined the N-terminal sequences of ABPs from several oral streptococci in order to identify the full-length genes in available databases (see Table S1 in the supplemental material). The N-terminal sequence of each ABP matched the species sequence available in the NCBI database. Only the N-terminal sequence of the 82-kDa protein of S. cristatus strain CR311 did not match any available proteins in the S. cristatus database.
The most-studied ABPs are AbpA (20 kDa) and AbpB (82 kDa) from S. gordonii (30, 32) . ␣-Amylase-binding protein C (AbpC), 
a ϩ, presence of ␣-amylase-binding ability in at least some streptococcal strains of the species; Ϫ, species not known to bind ␣-amylase; U, unknown; A, AbpA-like protein sequence is present in the NCBI databases.
isolated from S. mitis strain NS51 (36 kDa), also interacts with salivary ␣-amylase and has been cloned and sequenced (33) . AbpC shows no sequence homology or secondary-structure similarity with other ABPs. As genome databases continue to expand, additional ABPs with homology to known ABP have been identified, allowing for further study of the similarity among these proteins and their evolutionary origin. AbpA, AbpB, and AbpC share neither amino acid sequence homology nor similarity in secondary structures, as predicted by protein modeling (see Fig. S1 in the supplemental material). Interestingly, although AbpA and AbpB of S. gordonii Challis are the predominant and best-studied ABPs, SDS-PAGE analysis of ␣-amylase precipitates indicates the presence of other as-yetuncharacterized components that also appear to interact with ␣-amylase (34). Whether these are unique proteins or proteolytic breakdown products of known proteins remains to be determined. Ultimately, identification of the complete ABP sequences will allow detailed comparison of the proteins, identification of conserved domains, and prediction of secondary structure and may suggest a potential mechanism of their interaction with salivary ␣-amylase. Further studies are required to identify uncharacterized ABPs, which may provide clues to the functions and mechanisms of bacterium-host interactions of oral streptococci.
␣-AMYLASE-BINDING PROTEIN A
The most-studied ABP of S. gordonii CH1, AbpA (20 kDa), is an extracellular cell wall-associated surface protein that is maximally expressed during mid-log phase of bacterial growth (32) . AbpA appears to be an essential receptor for ␣-amylase binding to the bacterial surface. Inactivation of AbpA entirely eliminates ␣-amylase binding to the bacterium (35) . Immunogold electron microscopy studies localized ␣-amylase binding to the cell division septum and poles on the streptococcal surface (32) . Cells in the exponential phase of growth bind more ␣-amylase than cells in stationary phase. Thus, it appears that AbpA is localized to the nascent cell wall, and as the cell matures, it is shed into the supernatant. Abundant amounts of AbpA protein are present in the supernatants of bacterial cultures. ␣-Amylase-treated bacteria do not appear to display morphological changes, as observed by electron microscopy (32) , which indicates that ␣-amylase binding does not cause overall perturbation to the bacterial cell surface.
Identification of S. gordonii biofilm determinant genes was conducted by screening biofilm-deficient mutants generated following Tn916 mutagenesis (36) . These studies suggested abpA as a potential biofilm determinant gene. The mutants selected in this study were found to have similar growth characteristics. Thus, impairment of biofilm formation was not likely due to growth defects (36) . Another study from our laboratory found that an abpA-deficient mutant showed impaired biofilm formation in a standard microtiter biofilm assay as well as in a flow model system containing 25% saliva in distilled water (35) . These findings suggest that the AbpA protein modulates adhesion and biofilm formation of oral streptococci in vitro. Not only did mutation of abpA reduce biofilm formation, it also reduced growth of S. gordonii in human saliva (35) .
Mutation of abpA also impaired the ability of S. gordonii to grow with starch as the predominant carbon source (35) . S. gordonii does not produce extracellular ␣-amylase (35) . Thus, the ability to bind salivary ␣-amylase to the bacterial surface via AbpA appears critical for bacterial growth from starch (35) . It is possible that S. gordonii and other ABS contribute to oral microbial colonization by metabolizing dietary starch and providing nutrition for non-ABS species within the biofilm. In contrast, this interaction would make ABS better competitors against pathogenic species. This, however, has yet to be established and requires further studies using multispecies biofilm models.
In vivo studies of the AbpA mutant strain conducted on pathogen-free Osborne-Mendel rats showed quite contradictory results to those of the in vitro studies described above. Curiously, AbpA mutant strains sometimes colonized teeth to a better extent than did the wild type, especially when the rats were fed a sucrose-rich diet and, to some degree, when they were fed a starch diet (37) . Interestingly, the activity of glucosyltransferase G (GtfG), an enzyme thought to promote biofilm formation (38) , was greater in the AbpA mutant strains, which may have been responsible for the slightly augmented cariogenicity of the mutant strain (37) . Further studies of AbpA confirmed its interaction with GtfG of S. gordonii, in which AbpA was found to form complexes with GtfG and salivary ␣-amylase (34). However, this interaction was suggested to increase GtfG enzymatic activity (34) .
The AbpA-␣-amylase complex is also known to increase enzymatic activity of GtfB of S. mutans in vitro (34) . To explain this, it was suggested that a conformational change occurs in GtfG following interaction with the ␣-amylase-AbpA complex. This may result in a change in the structure of the synthesized glucan which has been shown to occur in the presence of starch hydrolysates (34, 39) . These findings suggest that the ␣-amylase-AbpA complex represents an interaction that involves other yet-to-be-determined factors, all of which may modulate bacterial adhesion and colonization.
It is also possible that the ␣-amylase-streptococcus interaction functions in ways other than in nutrition or adhesion. In order to further investigate the mechanism and significance of ␣-amylase binding to the bacterial surface via AbpA, studies of gene expression of S. gordonii following the binding of salivary ␣-amylase were conducted using microarray analysis (40) . When the bacterium was cultured in a minimal medium, a total of 33 genes were differentially expressed following exposure to purified salivary ␣-amylase. The greatest change in expression was observed for genes involved in fatty acid synthesis. Several of these genes were highly upregulated in response to ␣-amylase binding compared to the control exposure, heat-denatured salivary ␣-amylase. Not only was gene expression altered when the bacteria were exposed to native ␣-amylase, there were also changes in bacterial phenotype, as observed by increased bacterial growth, increased resistance to low pH, and increased resistance to the detergent triclosan. Mutation of abpA, which abolishes the binding of ␣-amylase to the bacterial surface, eliminated the gene responses and phenotype changes, suggesting a role for the AbpA protein in this response. These findings suggest that ␣-amylase binding to AbpA initiates a signal resulting in differential gene expression. This may serve as an environmental sensing mechanism specific for the oral environment. Identification of other proteins that interact with AbpA will be crucial for understanding this mechanism.
Analysis of the AbpA protein sequence to predict the secondary structure identified several sites that may potentially participate in AbpA-protein interaction and signaling. Two predicted N-myristoylation sites at residues 83 to 88 and 147 to 152 may be involved in protein-protein interaction. A tyrosine phosphorylation site (residues 32 to 39) and an ATP/ADP-binding site (residues 121 to 128) may be involved in phosphorylation and signal transduction. These findings support a possible role for AbpA in environmental surveillance through ␣-amylase binding and interaction with other components of a putative signaling system to modulate gene expression and adaptation to the host environment.
Furthermore, multiple sequence alignment of amino acid sequences of AbpA-like proteins indicates several highly conserved areas that may mediate ␣-amylase binding and the interaction with other bacterial proteins (see Fig. S2 in the supplemental material). However, though there is evident homology in AbpA-like proteins, the ␣-amylase-binding activity of these hypothetical proteins has yet to be experimentally established. In fact, that AbpA-like proteins are conserved among some streptococcal species but not present in all the strains among the same species suggests that AbpA-like proteins likely have a common origin and perhaps were acquired by horizontal gene transfer.
Regulation of AbpA expression in S. gordonii appears to involve at least two mechanisms: catabolite repression in response to glucose and substrate induction via maltose/maltodextrin transport (41, 42) . The promoter region of the abpA gene possesses the catabolite responsive element (cre), which is the binding site for LacI/GalR transcriptional regulators. It has been determined that the RegG protein, a LacI/GalR transcriptional regulator and homolog of catabolite control protein A (CcpA), is responsible for the catabolite repressive effect on abpA (42) . Mutation of regG in S. gordonii eliminated repression of abpA transcription in the presence of glucose, suggesting that RegG is a transcriptional regulator responsible for repression.
A recent study found that that the products of starch hydrolysis produced from the action of salivary ␣-amylase, particularly maltose and maltotriose, upregulate AbpA expression in S. gordonii (41) . While RegG represses transcription of abpA in the presence of glucose, the identity of the transcriptional regulator that activates the expression of abpA in the presence of maltose/maltodextrin is presently unknown. Interestingly, previous studies showed that maltotriose enhanced the binding of S. gordonii to ␣-amylasecoated hydroxylapatite (43) . Thus, the products of starch hydrolysis by ␣-amylase on the surface of the streptococcus may increase the expression of AbpA to maximize binding of the host enzyme to the bacterial surface for better utilization of a significant dietary nutrient source or to increase adhesion of the bacterial cell to a host surface. Because starch and salivary ␣-amylase are abundant in the oral cavity, it seems that AbpA expression would be beneficial for bacterial colonization and proliferation. Multispecies biofilm models of oral colonization would be useful to determine the effect of increased expression of AbpA on overall bacterial survival, bacterial competence, and effects on other oral bacterial species.
␣-AMYLASE-BINDING PROTEIN B
The 82-kDa AbpB protein coprecipitates from S. gordonii culture supernatants together with ␣-amylase, AbpA, and GtfG. Though this protein has affinity for salivary ␣-amylase, as observed on a Far Western blot (30, 44) , it does not share sequence homology with either AbpA or AbpC. Comparative amino acid sequence analysis reveals that AbpB shares homology with other bacterial dipeptidases (44) . This protein has been shown to have hydrolytic activity for Ala-Pro, Gly-Pro, and Arg-Pro peptides, a finding which suggests restriction of its enzymatic activity to proline-containing residues (44) . This is in accordance with evidence that AbpB cleaves two human proline-rich proteins, namely, type IV collagen and fibrinogen. AbpB does not cleave human salivary ␣-amylase, which is low in proline. Overall, enzymatic activity of the purified protein was modest, possibly due to the limitations of enzyme assays, absence of yet-unknown cofactors, or structural modification of AbpB (44) . Purification of AbpB from S. gordonii revealed additional peptides of 52, 36, and 26 kDa to interact with anti-AbpB antibody. It has not yet been established if these peptides are products of AbpB self-hydrolysis or if they are crossreactive peptides encoded by other abpB-like genes (44) . As with AbpA and ␣-amylase, AbpB coprecipitated with GtfG of S. gordonii and enhanced the transferase and sucrase activity of GtfG (44) . Also, as demonstrated by an enzyme-linked immunosorbent assay (ELISA), the affinity of AbpB and AbpA toward GtfG appeared greater than that between ␣-amylase and GtfG (34, 44) .
AbpB is an extracellular secreted protein, and it is not responsible for ␣-amylase binding to the bacterial surface (44, 45) . Mutation of abpB did not abolish ␣-amylase binding to the S. gordonii surface, whereas mutation of abpA resulted in no ␣-amylase binding to S. gordonii (45) . In vivo studies showed that abpB mutants of S. gordonii colonize the oral cavity of pathogen-free rats fed by starch-supplemented diet less well. However, colonization of the abpB mutant was rescued by a sucrose-supplemented diet (37) . These results suggest that AbpB appears important to bacterial colonization of the oral cavity, perhaps as part of nutrient acquisition pathways. It is possible that salivary proline-rich proteins, which are abundant in dental plaque, may serve as substrates for AbpB peptidase activity. AbpB also shares homology with streptococcal lipoproteins, suggesting its potential to be involved in activities characteristic of bacterial lipoproteins, including sensory signaling, cell growth and division, and nutrient uptake.
␣-AMYLASE-BINDING PROTEIN C
A 36-kDa ␣-amylase-binding protein isolated from culture supernatants of S. mitis NS51 was sequenced, cloned, and designated AbpC (31, 33) . A similar protein was also found in S. mitis K208 but not in S. mitis OP51, OS51, and NCTC 10712 (30) . While the molecular weight of this component suggests that it is related to AbpA of S. gordonii, the amino acid sequence of AbpC does not share homology with either AbpA or AbpB, suggesting that it has a unique origin. Dot plot alignment of AbpA and AbpC (see Fig.  S3 in the supplemental material) shows some similarity in amino acid sequence between these components and other ABPs in the middle region of the proteins, which may account for their ␣-amylase-binding ability. Interestingly, neither AbpA nor AbpB was reported in S. mitis strains that encode AbpC (30, 31, 33, 46) . The C terminus of the AbpC protein has two conserved domains: one is a pfam01473 choline-containing cell wall-binding domain (CW repeats) and the other is a COG5263 glucan-binding domain (YG repeat). This suggests that AbpC may be associated with the bacterial cell wall. However, the role of AbpC as an ␣-amylase receptor has not yet been definitively established. The presence of two conserved domains in AbpC demonstrates homology with other streptococcal choline-binding proteins and glycosyltransferases.
OTHER ␣-AMYLASE-STREPTOCOCCUS INTERACTIONS
A recent study of S. sanguinis SK36 demonstrated a pilus-like structure, similar to those found on the pathogenic streptococci Streptococcus pyogenes (group A), Streptococcus agalactiae (group B), and Streptococcus pneumoniae, that binds to surface-adsorbed salivary ␣-amylase to facilitate biofilm formation on saliva-coated surfaces (47) . A pilus-deficient mutant of this strain failed to form multilayered biofilm structures when grown on noncoated and saliva-coated surfaces (47) . Out of the three structural proteins of streptococcal pili, PilC (36 kDa) and PilB (36 kDa) had the highest ␣-amylase-binding capacity while PilA binding was low. The C terminus of PilC, thought to contain a collagen-binding domain, interacted with ␣-amylase, although binding of collagen was not detected. While mutation of all three pili proteins significantly reduced binding to immobilized ␣-amylase, this reduction was limited and ␣-amylase was still able to interact with the bacteria to some degree. This suggests that other yet-unidentified bacterial components in addition to pili that are responsible for ␣-amylase binding to the bacterial surface are present on the surface of S. sanguinis. The interaction of pili proteins with salivary ␣-amylase must be structurally distinct from that of conventional ABPs, since the ABP-binding site in ␣-amylase partially overlaps with its sugar-binding site and the secondary structure of the enzyme is important for this interaction. In the case of PilC, disruption of the secondary structure of the ␣-amylase enzyme by heat and SDS did not abolish the binding of biotinylated PilC to ␣-amylase in a ligand blot analysis. Furthermore, PilC and PilB also do not share homology with AbpA or AbpB. These findings suggest that the mechanism of PilC binding to surface-immobilized salivary ␣-amylase is distinct from that of ABP.
Another interaction was described between ␣-amylase and S. mutans strain A32-2 fimbria-associated surface proteins (48) . A purified 65-kDa fimbrial protein was shown to bind to salivacoated surfaces, with ␣-amylase as the major receptor. Although it is possible that S. mutans binds salivary ␣-amylase via its surface fimbriae, this has not been established experimentally. Interestingly, previous studies (12, 15, 31) have not identified ␣-amylasebinding mutans group streptococci. In our previous work (16, 49) , in which isolates from dental plaque were screened for soluble ␣-amylase binding to bacterial surfaces, none of the ␣-amylasebinding strains were identified as mutans group streptococci. This may be explained by the possibility that S. mutans can bind surface-absorbed ␣-amylase but not soluble ␣-amylase and can use protein segments that are unordered or present in the coiled regions of the structure.
BIOLOGICAL SIGNIFICANCE OF ␣-AMYLASE BINDING TO ORAL STREPTOCOCCI
Several assumptions can be made regarding the function of ␣-amylase-streptococcus interaction on the basis of the available evidence. It is likely that host salivary ␣-amylase plays a multifaceted role in the physiology and colonization process of oral streptococci. Some functions may include, but are not limited to, adhesion of streptococci to the salivary pellicle, interbacterial adhesion and interaction within the dental plaque, nutrition of oral streptococci and other coinhabitants of dental plaque, and/or clearance of bacteria from the oral cavity by inhibition of adhesion and/or by interaction of the bacteria and dietary starch granules that are swallowed.
␣-AMYLASE BINDING AND ABS ADHESION TO TEETH
Because salivary ␣-amylase is an abundant constituent of the dental pellicle, ␣-amylase adsorbed to the tooth surface may provide a receptor for ABS adhesion. The structure of this receptor differs from that of the site influencing adsorption of the enzyme to hydroxylapatite (26, 28) . Several in vitro studies found that adhesion of ABS to hydroxylapatite-bound ␣-amylase contributed to biofilm formation and that mutation of AbpA resulted in impaired biofilm formation by S. gordonii (35, 36) . Although there is evidence for the role of ␣-amylase-streptococcus interaction in biofilm formation in vitro, the results of in vivo studies did not support this idea (37) . However, the ␣-amylase-streptococcus interaction is likely one of many redundant bacterial host interactions that together influence bacterial colonization.
An interesting observation that also requires further study is the unique localization of AbpA on the bacterial surface and its shedding into the culture medium. What is the function of AbpA localization to regions of cellular division and polar zones? What controls its localization on the cell wall, and what triggers its shedding into the environment? Is AbpA shed when grown exclusively in saliva? Perhaps the timing of AbpA expression on the surface at mid-log phase (32) increases ␣-amylase binding in the signalenhanced fatty acid synthesis, which, in turn, fosters increased membrane synthesis (41) . It is also possible that the increased expression of AbpA in the presence of starch and ␣-amylase is important for S. gordonii biofilm establishment. The presence of maltose and maltooligosaccharides increases expression of AbpA in S. gordonii (41) , which may help explain the observation that the presence of maltotriose increased the adhesion of S. gordonii to ␣-amylase-coated hydroxylapatite (43) . However, it is not yet clear what this effect would have on the S. gordonii overall oral colonization.
␣-AMYLASE BINDING IN INTERBACTERIAL INTERACTIONS WITHIN ORAL BIOFILMS
The ␣-amylase-streptococcus interaction may foster the adhesion of different bacterial species to each other. It is possible for dimerized ␣-amylase in saliva (27) to provide two bacterial interaction sites and thus provide a bridge between two bacterial surfaces. It is possible for ␣-amylase to mediate such interactions via the interaction of ␣-amylase with multiple bacterial proteins, for example, AbpA, AbpB, and GtfG. Such protein complexes may act as interbacterial bridges connecting bacterial cells to each other. The presence in these complexes of ␣-amylase and GtfG in the presence of starch may provide a substrate for synthesis of biofilm matrix exopolysaccharides.
␣-AMYLASE IN NUTRITION OF S. GORDONII AND OTHER ORAL BACTERIAL SPECIES
ABS likely benefit from capturing ␣-amylase activity to enable utilization of carbohydrates from the human diet as a consequence of starch hydrolysis. Considering the fact that most oral streptococci do not secrete ␣-amylase into the milieu and are not able to hydrolyze extracellular starch, binding of host salivary ␣-amylase allows the bacteria to access a rich nutrient source from the human diet. Furthermore, ABS would likely have a growth advantage over organisms that lack the ability to bind ␣-amylase in a mixed-species environment containing starch (35) . It is also possible that maltose resulting from starch hydrolysis on the ABS surface can "cross-feed" other non-ABS species in close proximity to ABS. In addition, the lactic acid metabolite produced by S. gordonii may, in turn, be used as a nutrient for other dental plaque species, such as Aggregatibacter actinomycetemcomitans (50) .
Another potential mechanism by which ␣-amylase may mod-ulate bacterial nutrition is through interaction between ␣-amylase AbpA, GtfG, and AbpB (Fig. 1 ). These proteins together may play a role in nutrient acquisition whereby the dipeptidase activity of AbpB can assist in the peptide hydrolysis of glycoproteins and proline-rich proteins and GtfG can assist in carbohydrate utilization.
␣-AMYLASE BINDING IN BACTERIAL CLEARANCE
Another possible interesting function of the ␣-amylase-streptococcus interaction is to mediate the attachment of the bacteria to dietary starch granules. This may provide protection from the host response for the bacteria within the starch granule structure (51, 52) . Such a phenomenon has been observed in the case of probiotic bacteria that enter the intestines from the oral cavity and manage to avoid destruction by the highly acidic gastric environment through "hiding" in starch granules until they transit to a less-severe environment (52) . Because ␣-amylase is specific for ␣-1,4-glucosidic bonds present in starch, glycogen, and other polysaccharides (26) , such structures present in the oral environment may provide a substrate for attachment of ␣-amylase-binding streptococci. Thus, the oral bacteria may have evolved the mechanism to "hitchhike" along with the human enzyme in order to localize within the most nutrient-rich environment.
ENVIRONMENTAL SIGNALING THROUGH ␣-AMYLASE BINDING AND PHENOTYPE ADJUSTMENT
␣-Amylase and AbpA may play a role in signaling that results in differential gene expression after binding of ␣-amylase (40).
Though it is still unclear how this is achieved and to what extent other proteins are involved, the observation of differential gene regulation following ␣-amylase binding implies that the bacteria may exploit this interaction. Thus, the genes responsible for initiation of fatty acid synthesis are upregulated following ␣-amylase binding, which may help to explain the stimulation of bacterial growth and proliferation (Fig. 1) . Interestingly, upon binding of salivary ␣-amylase to bacteria, the cells appear to adjust their phenotype to become more resistant to an acidic environment. This adjustment may anticipate the increase in metabolites from carbohydrate utilization provided by the action of ␣-amylase or prepare the bacterium to survive the highly acidic gastric environment following attachment to starch granules (52) .
CONCLUSION AND FURTHER QUESTIONS
The binding of ␣-amylase to the surface of oral streptococci is an example of a bacterium-host interaction that likely influences commensal bacterial colonization. This notion is supported by the fact that ABS colonize only the oral cavity of species with active salivary ␣-amylase. It is likely that the acquisition of ␣-amylase binding by oral streptococci was selected through evolutionary mechanisms to contribute to bacterial survival in the host. from different species share an amylase-binding motif? Answers to these questions will improve understanding of such bacteriumhost interactions. This information may one day be applied to manipulate bacterial colonization in an attempt to prevent and control infectious disease.
